In a previous study on cyanomethemoglobin the 10 tetrameric species (each with a unique combination of ligated and unligated subunits) were found to exhibit three distinct free energies of cooperative interaction. The distribution of these free energies among the partially ligated species is incompatible with a two-state mechanism of molecular switching and requires a minimum of three molecular structures with distinctly different free energies of heme-heme interaction. Ligand-linked transitions between the three cooperativity states were found to be "combinatorial"-i.e., dependent upon changes in both the number and specific configuration of bound ligands. Here we present results from two other chemical systems that mimic intermediate oxygenation states. In these systems the heme iron is replaced by manganese in certain of the subunits. We find the same distribution of cooperative free energies as reported for the cyanomethemoglobin system. These results demonstrate that the three-state combinatorial nature of cooperative switching is neither a special feature of the cyanomet reactions nor of the substitution of manganese for iron, but reflects a fundamental property of hemoglobin. These findings are compared with crystallographic structural results on partially ligated hemoglobins. (Fig. 2) . In view of the potential significance of these findings to the mechanism of hemoglobin cooperativity, it is essential to determine whether three-state combinatorial switching is a special property of the cyanomet reactions with hemoglobin and whether the three levels of cooperativity correspond to distinct molecular structures. In the present study we determined the cooperative free energies for partially ligated tetramers in two additional, chemically different, systems that mimic partially ligated tetramers. The species we have studied are depicted in Fig. 3 : in system A the hemes are replaced in some of the subunits by Mn2+ protoporphyrin IX, providing a functional analog of unligated subunits (2, 14) while the remaining subunits have normal hemes that are ligated with carbon monoxide (CO); in system B, the unligated subunits contain normal heme while the ligated subunits contain hemes replaced by Mn3+ protoporphyrin IX.
Developments, however, have provided promising approaches to this problem. A study from this laboratory (1) using cyanomet species in all ligation states has demonstrated that the hemoglobin tetramer acts as a three-level combinatorial switch-i.e., each molecule assumes one of three cooperative free energies, depending on both the number of ligands bound and the specific configuration of ligated subunits ( Fig. 2) . In view of the potential significance of these findings to the mechanism of hemoglobin cooperativity, it is essential to determine whether three-state combinatorial switching is a special property of the cyanomet reactions with hemoglobin and whether the three levels of cooperativity correspond to distinct molecular structures. In the present study we determined the cooperative free energies for partially ligated tetramers in two additional, chemically different, systems that mimic partially ligated tetramers. The species we have studied are depicted in Fig. 3 : in system A the hemes are replaced in some of the subunits by Mn2+ protoporphyrin IX, providing a functional analog of unligated subunits (2, 14) while the remaining subunits have normal hemes that are ligated with carbon monoxide (CO); in system B, the unligated subunits contain normal heme while the ligated subunits contain hemes replaced by Mn3+ protoporphyrin IX.
Here we analyze the functional energetics of these systems in terms of the minimum number of molecular structures required. We will also compare the energetics with crystallographic results (3, 4 (6) (7) (8) . The thermodynamic coupling between ligand binding and reversible dissociation of tetramers into dimers has thus proved to be a powerful means of measuring cooperative free energies (5) (6) (7) (8) . The approach, illustrated in Fig. 4 , shows how the determination of dimertetramer assembly free energies (upper and lower reactions) can be used to deduce the cooperative free energy AGc for binding two ligands (each denoted by X) to the tetramer. Since the Gibbs free energy is a state function (independent of path), the free energies around the cycle of Fig. 4 must sum to zero. Thus, using the terms defined in Fig. 4 [3] Therefore, an experimental determination of the two free energies of dimer-tetramer assembly provides a determination of the cooperative free energy AG, (i.e., free energy of heme-heme interaction) without actual measurement of the ligand binding equilibria.
(ii) Cooperativity states. Each distinct value of AG, that occurs in the set of ligation state species (Fig. 1) Fig. 1 ). It must be emphasized that the number of cooperative free energies is not necessarily equal to the number of molecular forms with different free energies of heme-heme interaction (9) . If a population of subspecies exists within a given ligation state (e.g., structural forms with different ligand affinities) the value of AGc will be an average over those subspecies. The thermodynamically correct method for constructing this average was presented by Ackers and Johnson (9) . Other methods of averaging have been proposed by Weber (10) and by Ferrone (11) . Analysis of our experimental results in terms of an allosteric mechanism (9) based on two molecular structures, each with a separate ligand affinity, will be presented in Results.
METHODS
Sample Preparation. Normal hemoglobin AO was prepared as described (12) . Mn3+ hemoglobin was prepared (13) [4] in which kAA, kBB, and kAB are dissociation rate constants for the two parent molecules and the hybrid, respectively. Pre-exponential factors P1, P2, and P3 are complex functions of the rate constants, extinction coefficients, and initial For kinetics experiments on Mn3+ or Mn3 /Fe2 , the hybrid samples were deoxygenated using humidified nitrogen in combination with glucose oxidase (1.8 mg/ml) and with catalase (0.3 mg/ml) in the presence of the substrate 0.3% d-glucose (1). Spectra obtained after deoxygenation (400-500 nm) were as expected for mixtures of Mn3+ and Fe2+ (deoxy) hemoglobins.
For each experiment, Mn-substituted hemoglobin or Mn/ Fe hybrids were mixed with solutions of haptoglobin under anaerobic conditions. The absorbance change with time was monitored at 434 nm for system A and at 430 nm for system B. For slowly dissociating species (t112, from minutes to hours) the reaction was carried out on a Varian 219 spectrophotometer. For rapidly dissociating species (t112, approximately seconds), the reaction was monitored on a Dionex stopped-flow spectrophotometer.
The equilibrium constants 'K2j were calculated using the resolved values of the dissociation rate constant kr and the known value of the dimer-tetramer assembly rate constant (kf, 1.1 x 106 M-1'sec-1). In an extensive series of studies of normal hemoglobin over a wide range of pH values (8) and with mutant or chemically modified hemoglobins, including hybrids (5, 15) , the value of the assembly rate constant remained unchanged.
Analytical Gel Chromatography. Dimer-tetramer equilibrium constants for normal hemoglobin Ao ligated with CO and for Mn3+ hemoglobin (species 41) were determined directly by analytical gel chromatography (15) . The resulting value of 4K21, in combination with the dissociation rate constant from the haptoglobin experiment, provides a determination of the association rate constant for species 41 in agreement with that obtained kinetically. Table 1 gives the free energies of assembly and the cooperative free energies for five ligation states of systems A and B, as obtained in this study. Also listed for comparison are the corresponding free energies found (1) for the cyanomet system (system C).
RESULTS
In considering these three systems as functional analogs of normal hemoglobin oxygenation, we note that assembly free energies for the "deoxy" species 01 have similar values, while stability of the fully ligated tetramer species 41 is decreased by approximately five orders of magnitude. While we do not expect exact quantitative agreement between different ligation state models, the energetic ranges found here support the premise that systems A, B, and C are valid functional analogs for hemoglobin oxygenation. Ferrone (11) . The minimum number of significant molecular structures can be determined by analysis of the distribution of AGc values among the ligation species. The allosteric Monod-Wyman-Changeux (MWC) model provides a rigorous theoretical treatment for the simplest mechanism of cooperative switching in a tetrameric system that has only two molecular structures (17 Theoretical treatment of this problem (9) provides the fundamental relationship K= K'R (1 + LcO. 15] Here iK2 is the intrinsic equilibrium constant for dimertetramer assembly for a tetramer with i ligated subunits (i = 0, 1, 2, 3, 4), and K2R is the intrinsic assembly constant for forming an R-state tetramer from two dimers. The allosteric constant, L, represents the equilibrium between unligated conformers (R and T) while c is the ratio of their affinities for ligand (see ref. 18) . Each dimer is half of an R-state tetramer in the simple two-state MWC model, and the constant K2R is independent of the degree of ligation, i. Eq. 5 may be compared with the corresponding relationships postulated by Ferrone (11) and by Weber (10) . From Eqs. 3 and 5 we see that values of cooperative free energy AG, allowed by the MWC model must satisfy AGC = -RTln(1 + Lc') k1+L! [6] For each of the three systems of Table 1 , the set of relationships prescribed by Eq. 6 may be used to determine values of L and c from the four nonzero values of AG,. For each system, L may be fixed independently using Eq. 5 by 21 L (L>>1, Lc4«1). [7] Results of these calculations are given in Table 1 , where a wide discrepancy is shown in values of the allosteric parameter c within each system. Validity of the two-state mechanism requires that all the data on a given system (e.g., system B) conform to a single value of c, as given by Eq. 5. However, this condition is not met, and we see that Eq. 5 is incompatible with behavior of each of the three hemoglobin systems. Hence the model is ruled out for each of them separately.
As noted earlier, this test of the two-state model assumes that each dimer is half of an R-state tetramer and that affinities of the a and P subunits are identical. Relaxation of these restraints requires a more elaborate theoretical treatment but leads to the same conclusion. This conclusion is also reached if we attempt to fit the experimental data of Table 1 results of this study we see that either (i) the hemoglobin tetramer has a minimum of three molecular cooperativity states that may control oxygen affinity or (ii) ligation state "models" studied extensively during the last two decades (i.e., cyanomet and metal-substituted hemoglobins) are not valid functional analogs for hemoglobin oxygenation. Even if this were the case, there remains the question of the structural and mechanistic origins of the three-level cooperative switch found in these nonoxygen hemoglobin systems. Evidence for three cooperativity states with ligands CO and NO has been discussed (18) .
Comparison with Crystallographic Results. A central concept of the two-state paradigm has been that each of the two affinity states is uniquely associated with a major quaternary structural form of the tetrameric molecule. The finding that each tetrameric molecule assumes at least three major cooperative free energies requires that either (i) a third major structural form of the tetrameric molecule exists or (ii) the concept of a one-to-one correspondence between cooperativity states and major structural forms of the tetramer must be abandoned. This would be the case if the intermediate energetic state should turn out to represent a structure only slightly different from either the deoxy or the oxy quaternary structures.
Arnone et al. (3) have determined a crystallographic structure for the intermediate species 23 of system A (Fig. 3) . The tetramers in these crystals exhibited a deoxy quaternary structure. The Mn2+-substituted f3 subunits were isomorphous with deoxy Fe2+ 3subunits, whereas CO binding to the a subunits was accompanied by small, localized changes in tertiary structure. Similar local structure perturbations had been observed in a crystallographic study of hemoglobin tetramers with a subunits ligated by oxygen and P subunits in the normal deoxy Fe2+ form (4) . In contrast, the solution studies presented here and earlier (1) clearly demonstrate that species 23 has cooperativity properties like the fully ligated (oxy) species 41, under our experimental conditions.
The apparent difference between behavior in the crystal and in solution may result from differences in experimental conditions. Spectral and kinetic studies of species 23 and 24 have shown that conformation in solution is sensitive to phosphate concentration and pH (19, 20) . In the studies of Arnone et al. (3) crystallization was carried out in solutions of 2.3 M ammonium sulfate plus 0.3 M ammonium phosphate buffer (pH 6.5). It was not possible to crystallize species 23 in the presence of CO; the preformed crystal was exposed to CO in the capillary. It seems plausible that, under these circumstances, the conformation in the crystal may be influenced by packing interactions and crystal lattice forces that stabilize the deoxy quaternary form, essentially forcing the molecule to maintain the deoxy structure (3, 4) . By contrast, our solution studies were carried out in 0.18 M Cl-, pH 7.4. Under these conditions the difference in relative stability for the transition between the oxy species 41 and the deoxy species 01 (system A) is 4.4 x 105, a value almost identical with that obtained with oxygen as ligand (8) .
